The growth and distribution of the intracellular microbe Wolbachia pipientis during spermatogenesis in several different host/symbiont genetic combinations in Drosophila melanogaster and Drosophila simulans is described. Considerable intra-and inter-strain variation in Wolbachia density and tissue distribution was observed. Wolbachia were found inside spermatocytes and spermatids or within the somatic cyst cells surrounding the germ cells. Some strains displayed both tissue distributions. High rates of cytoplasmic incompatibility (CI) are correlated with high levels of Wolbachia only when spermatocytes and/or spermatids harbor the microbe. Wolbachia infection of somatic cyst cells, although sometimes present at high levels, did not result in significant CI expression. CI-inducing Wolbachia strains within D. simulans showed no distinguishable differences in distribution or density within infected spermatids. To dissect the relative contribution of host and symbiont to the expression of CI, Wolbachia from various host strains known to exhibit varying levels of CI were introgressed into new uninfected host genetic backgrounds. These introgression experiments confirm that the mod 1 /mod 2 phenotype is an intrinsic Wolbachia trait and is not determined by host factors. The level of sperm modification in those lines harboring Wolbachia capable of modifying sperm, however, is influenced by host genetic background. These results form the basis of the Wolbachia Infected Spermatocyte/Spermatid Hypothesis (WISSH). According to WISSH, Wolbachia infection in spermatocytes and then spermatids during sperm development is required for CI expression. q
Introduction
Wolbachia are rickettsial-like bacteria that infect a wide variety of arthropod and filarial nematode hosts. Maternally inherited, Wolbachia have evolved a number of different strategies for manipulating host reproduction, which results in increased transmission in the population. Within arthropods, these manipulations include feminization, male killing, parthenogenesis, and cytoplasmic incompatibility (CI), the inability of infected males to successfully fertilize eggs from uninfected females (reviewed in Stouthamer et al., 1999) . Less is known about the role of Wolbachia within filarial nematodes, but the relationship seems to be obligate (reviewed in Bandi et al., 2001) . Recently Wolbachia have been shown to suppress an allele of Sex-lethal in Drosophila melanogaster, resulting in restored fertility in females (Starr and Cline, 2002) , suggesting that Wolbachia has been an important and as yet under appreciated factor in the evolution of the sex determination and dosage compensation pathways in Drosophila.
Within Drosophila, CI is the most common phenotype associated with Wolbachia, although recently Wolbachiamediated male killing has been described (Hurst et al., 2000) . CI is expressed when an infected male mates with an uninfected female, resulting in reduced numbers of viable offspring produced -all other possible crosses are compatible. Thus, Wolbachia must somehow affect developmental processes during spermatogenesis, a developmental lesion not manifested until fertilization. As such, this system offers a unique perspective for the study of the developmental dynamics of host/symbiosis, and further offers unique opportunities in which to learn how distinct developmental processes respond to bacterial infection.
Studied most extensively in Drosophila simulans, CI is manifest when a sperm successfully enters the egg but paternal chromosomes fail to properly decondense and fuse with maternal chromosomes before entering the first mitotic divi- (Lassy and Karr, 1996) . The result is aberrant chromatin in asynchronous mitosis, with the maternal chromosomes entering mitosis before the paternal chromosomes, leading to early embryonic lethality (O'Neill and Karr, 1990; Lassy and Karr, 1996; Callaini et al., 1996 Callaini et al., , 1997 . Interestingly, infected females somehow 'rescue' the modified sperm from an infected male, resulting in normal development. Similar aberrant developmental defects have been shown to be associated with Wolbachia induced CI in Culex pipiens, Armadillidium vulgare and Nasonia vitripennis (Jost, 1970; Moret et al., 2001; Reed and Werren, 1995) . In N. vitripennis, delayed nuclear breakdown, and entry into mitosis, of the male pronucleus has been shown to precede the chromosome condensation defects in CI embryos (Tram and Sullivan, 2002) . Neither the mechanism of CI modification or female-mediated CI rescue is currently known.
Five Wolbachia types have been described in Drosophila simulans: wRi and wHa both cause strong CI (Hoffmann et al., 1986; O'Neill and Karr, 1990) , wNo causes intermediate levels of CI (Merçot et al., 1995) and both the wAu and wMa elicit no detectable CI (Hoffmann et al., 1996; Merçot et al., 1995) . The exact number of distinct Wolbachia strains found in D. simulans has come into question; there may be less than the five distinct strains originally reported (see James et al. (2002) for a discussion of strain nomenclature). Bidirectional CI, defined as reciprocal incompatibility between infected males and females harboring different Wolbachia strains, was first described in Drosophila by O'Neill and Karr (1990) . The evolution of these different incompatibility types is not known. However, their presence does suggest that each unique strain differentially modifies sperm development and/or rescues embryogenesis. The nature of these differences is not yet known.
A number of factors have been identified which can have an effect on levels of CI in Drosophila. These include Wolbachia strain (Hoffmann et al., 1996; Bourtzis et al., 1998; Merçot and Poinsot, 1998; James and Ballard, 2000) , host strain (Boyle et al., 1993; Poinsot et al., 1998) , host age (Turelli and Hoffmann, 1995; Clancy and Hoffmann, 1998; Snook et al., 2000) , heat shock (Clancy and Hoffmann, 1998; Snook et al., 2000) , larval environment (Clancy and Hoffmann, 1998) and mating history (Karr et al., 1998) .
It has been suggested that there are distinct classes of Wolbachia with respect to the ability to modify sperm (mod 1 or mod 2 ) and rescue embryo lethality (resc 1 or resc 2 ) (Turelli, 1994; Werren, 1997) . To date, in D. simulans, Wolbachia have been described as mod 1 resc 1 (wRi - Hoffmann et al., 1986 , wHa -O'Neill and Karr, 1990 [ wNo -Merçot et al., 1995 , mod 2 resc 1 (wMa - Bourtzis et al., 1998; wKi -Merçot and Poinsot, 1998) (Bourtzis et al., 1996 which are phylogenetically distinct from the corresponding classes of Wolbachia in D. simulans (Zhou et al., 1998) . Table 1 summarizes several different Wolbachia infected lines with respect to their ability to cause and rescue CI. The mod resc model is conceptually appealing and has been the subject of much recent research (Giordano et al., 1995; Bourtzis et al., 1998; Merçot and Poinsot, 1998; Poinsot et al., 1998) ; however, almost nothing is currently known about the cellular, molecular or developmental processes implied by the model. Without such information, critical tests of the model are lacking.
To generate primary data needed to be able to ask critical questions relevant to the mod 1 phenotype, we recently began a careful and detailed analysis of Wolbachia subcellular localization during spermatogenesis . Spermatogenesis in adult Drosophila begins at the germinal proliferation center at the apical hub of the testis where the gonial stem cells and cyst progenitor cells are located. A primary gonial cell buds off from the germ-line stem cell and is surrounded by two somatically derived cyst cells, which bud off the nearby cyst progenitor cells. As the primary spermatogonial cell undergoes four rounds of mitotic division before entering meiosis, it moves down the tube of the testis away from the apical hub. Earlier cysts are The individualization complex is seen as a bulge proceeding along the cyst, pushing the stripped away material into the waste bag, a bulge in the tail end of the cyst. The nuclear end of the cyst becomes anchored to the terminal epithelium followed by the coiling of tightly packed sperm tails prior to liberation into the seminal vesicle (Tokuyasu et al., 1972; Fuller, 1993; Gönczy and DiNardo, 1996; Fabrizio et al., 1998) . It is currently unknown which stage or stages of spermatogenesis Wolbachia is acting. We have previously described at the light microscope level the tissue distribution, growth and proliferation of Wolbachia during spermatogenesis in a high CI expressing line of D. simulans Riverside (DSR) and D. melanogaster Bermuda (DMB) . In both of these lines, Wolbachia was observed within a large percentage of developing spermatocytes and spermatids of young males. Wolbachia numbers increased during spermiogenesis, between the initiation of elongation and individualization. The two lines differed in the apparent timing of Wolbachia growth and in the resulting Wolbachia density and distribution. In DSR, noticeable Wolbachia growth began during the spermatocyte growth phase, while little Wolbachia growth occurred at this stage in DMB, where growth was delayed until after the initiation of spermatid elongation. These results suggested that host genetic background may influence Wolbachia growth and CI expression.
In the present study we extend this previous work to include a comparison of bacterial distributions present in a variety of other Wolbachia/host combinations that displayed differing levels of CI. This comparative work clearly demonstrates intra-and inter-specific variation in Wolbachia growth and tissue distribution and suggests extensive strain-dependent host/symbiont interactions during these important developmental stages.
However, comparative studies alone cannot dissect the relative contributions made by each organism to the traits measured. We therefore reciprocally introgressed Wolbachia between host lines harboring different Wolbachia strains and measured their ability to express CI. For the Wolbachia strains and host lines used in this study, these introgression experiments clearly demonstrated that Wolbachia type determine the ability or inability to modify sperm, independent of host genetic background. Although an intrinsic Wolbachia factor determines CI type, host genetic backgrounds were shown to clearly affect Wolbachia growth in the testis and as a result, affect the level of CI in those lines with mod 1 Wolbachia.
Results

Wolbachia distribution within whole testes: D. simulans
Because spermatogenesis continues throughout adult life, Wolbachia distribution can be observed at all stages of sperm development as shown for DSR (Hoffmann et al., 1986) in Fig. 2 . This 'archetypical' Wolbachia distribution in the DSR line is shown for comparison and contrast to distributions of Wolbachia found in the other lines described in this study.
Germline stem cells, located near the apical hub of the testis, undergo asymmetrical division forming a spermatogonial blast cell (Lindsley and Tokuyasu, 1980) . These cells subsequently divide four times to generate a primary spermatocyst containing 16 diploid cells. Wolbachia are present within cysts prior to, and during these early stages (Fig. 2 , region A) and continue to be observed at subsequent stages of spermatid elongation and growth (Fig. 2, regions B-D) . In an elongated cyst, Wolbachia are most easily seen near the ends where bacterial density is the highest . At the apical end (Fig. 2, region D) , a region of high Wolbachia density (Fig. 2, 'w' ) is observed behind each compact spermatid nuclei bundle (Fig. 2, ' n'). The distal ends are also heavily infected towards the opposite end of the testis, near the apical hub (Fig. 2 , region C).
Considerable variation in the abundance and distribution of Wolbachia between different Drosophila lines and species and different Wolbachia types are apparent (Figs. 2, 3, 6A, 7A, 8A and 9A, B) . For example, two CI-expressing D. simulans lines, DSH and C167 (Fig. 3A,B) , display overall patterns of infection similar to DSR (Fig. 2) with Wolbachia seen in nearly all of the elongated and elongating cysts from a newly eclosed male. Other D. simulans lines showed distinct differences. For example, in a line that does not express CI, (DSW(Ma), (Giordano et al., 1995; Bourtzis et al., 1998) , Wolbachia are only observed in very late stage elongated cysts in a testes from a newly eclosed male ( The D. simulans lines Nouméa (Fig. 3D ), Queensland ( Fig. 7A) and Kili ( Fig. 8A ) are characterized as having very few (,1-2/testis) mature-elongated cysts infected, and few or no infected cysts observed at earlier stages of development. However, variations in the number of infected cysts/testis in these lines are often observed (see also Fig. 4 ). In summary, the D. simulans lines fall into two distinct classes of cyst infection: DSR, C167 and DSH displaying high levels of infected cysts throughout the adult testis, and lines DSW(Ma), Nouméa, Queensland, and Kili a reduced and more variable level of infection. Another consistent feature of those lines displaying reduced numbers of infected cysts was almost complete lack of infection in earlier stages in newly eclosed male in lines DSW(Ma), Nouméa, Queensland, and Kili. In contrast, Wolbachia were always observed at earlier stages of spermatogenesis in lines DSR, C167 and DSH.
Wolbachia distribution within whole testes: D. melanogaster
As expected for a line that expresses CI , DMB spermatids are infected by Wolbachia (Fig.  9B) . However, the polarized localization of infection within cysts seen in DSR (Fig. 2) is absent in DMB. Also, variation in bacterial numbers and distribution both within, and between, cysts was observed within elongated DMB cysts. Thin strands of high Wolbachia density are found along the length of an elongated cyst (Fig. 9B, arrows) . However, the low levels of Wolbachia in immature DMB cysts prevented observation in whole mount testis preparations, and therefore, the origin of this distribution in elongated cysts is Wolbachia are localized in dense patches throughout the testis (Fig. 9A ). The exact tissue type containing Wolbachia was difficult to discern from low magnification images. Therefore, individual cysts were examined at higher resolution (see below).
Wolbachia distribution in spermatocytes during meiosis
Drosophila testes are highly elongated and compact structures making detailed observations of many stages of spermatogenesis problematic. For example, the early meiotic stages are usually compressed inward towards the inner side of the coiled testis (Fig. 2 , region A) making detailed visualization difficult. Therefore, we used 3-D projections of optical images of dissected and fixed spermatocytes to better visualize Wolbachia. Standard z-axis projections (Fig. 4 , large panels), paired with the corresponding y-axis projections (Fig. 4 , small panels) more clearly localized Wolbachia in early meiotic cysts. As expected from whole mount images (Figs. 2 and 3), Wolbachia are observed within spermatocytes of DSR, DSH and C167 D. simulans lines (Fig. 4A-C) . Likewise, few or no infected spermatocytes were observed in adult Queensland, Kili, Nouméa and DSW(Ma) males (Fig. 4D,E,G,I ). However, infected spermatocytes were sometimes observed in pupal testes from these strains as shown for the Queensland and Kili lines (Fig. 4E,G) . In those instances where Wolbachia infection could be observed in pupal testes, the immature cysts contained 'DSR-like' Wolbachia infection (e.g., compare Fig. 4A-G) .
Although spermatocyte-infected meiotic cysts were rarely observed in DSW(Ma), Queensland, Kili and Nouméa, Wolbachia were often observed in the somatic cyst cells surrounding the spermatocytes (Fig. 4D,F,H,I ). Y-axis projections clearly show Wolbachia at, or very near, the cell periphery (Fig. 4, arrows) .
In D. melanogaster, two different types of cyst infection were also apparent (Fig. 4J,K) . In DMB, prior to and during meiosis, Wolbachia are seldom observed in cysts compared to the DSR line of D. simulans. The distribution within the cyst is uneven and may be within spermatocytes, the surrounding somatic cyst cells, or both. In OreR, infected meiotic cysts are less abundant at the time of eclosion. The OreR cyst (Fig. 4K) represents an extreme example-the majority of cysts at this stage show little or no infection but three or four localized areas of high Wolbachia density were observed in the somatic cyst cells (Fig. 4K , arrow in yprojection showing pockets of Wolbachia). These pockets of Wolbachia are most likely outside the spermatocyte and within the somatic cyst cells that surround it.
Wolbachia distribution within mature cysts
Wolbachia distributions within the apical and distal end of infected cysts from each of the D. simulans and D. melanogaster lines (either one or two cysts are shown for each line depending on the diversity of infection seen within a single testis) is shown in Fig. 5 . The localization of Wolbachia within two types of infected cysts is shown in greater detail in Fig. 6 . When a segment of cyst with Wolbachia restricted to the cyst cells is viewed along the Z-axis (Fig.  6A) , Wolbachia is seen as a ring along the outside of the cyst unlike those cysts with Wolbachia within the spermatid bundles (Fig. 6B,C) . The cyst cell localization is also clear when portions of the cyst cell are easily distinguished from the spermatids as in Fig. 6D . Within cysts from the three heavily infected D. simulans strains, DSH, DSR and C167 (Fig. 5A ,B and C, respectively), infected mature cysts contain abundant Wolbachia at both the nuclear and distal ends as previously described for DSR .
Two types of cyst infection were observed for the four other D. simulans lines, DSW(Ma), Queensland, Kili and Nouméa. The most common pattern observed contains far fewer Wolbachia, restricted to the somatic cyst cells (Fig.   5E ,G,I,K). A minority of total cysts (,10%) display a 'DSR-like' distribution, with a heavy localization of Wolbachia at the distal end of the cysts and a secondary localization near the nuclei (Fig. 5D ,F,H,J). Wolbachia within these cysts are clearly within the spermatids, and in this regard, resemble infected cysts from the more heavily infected DSR, DSH and C167 lines.
The two D. melanogaster lines each have unique Wolbachia distributions in mature cysts. In DMB (Fig. 5L,M) , Wolbachia are seen within the spermatids but, distinct from D. simulans, lacking the heavy accumulation of Wolbachia at either end of the cysts. Instead, Wolbachia has a more heterogeneous and patchy distribution along the length of the cyst. In OreR (Fig. 5N-O) , Wolbachia are usually seen only in regions of very high bacterial density. Pockets of Wolbachia are seen along the length of the cyst and appear to be largely localized to the outer portion of the cyst, presumably within the somatic cyst cells.
Wolbachia-Drosophila genetic interactions
The relative genetic contributions of host and microbe to the tissue distribution of Wolbachia were studied by genome replacement as shown in Fig. 1 (see Section 4) . This retains the maternal, infected cytoplasm, while replacing the majority of the host nuclear genome. Infected cytoplasm from DSR in the genetic background of Queensland (Fig. 7D ) display a 'DSR-like' distribution of Wolbachia. The reciprocal line (infected cytoplasm from Queensland in the genetic background of DSR), however, is quite different from that seen in the original Queensland line. Like DSR, most of the mature cysts are seen to be infected (Fig. 7C) . These reciprocal introgressions also displayed very different levels of CI (Fig. 7B) . Wolbachia from the DSR line expressed high levels of CI in a Queensland nuclear background, whereas Wolbachia from the Queensland line did not express significant CI in a DSR nuclear background. It should be noted for each of the introgression lines, although the majority of the nuclear genome should have been replaced (,90%), a small portion of the maternal nuclear genome remains, as well as the maternal mitochondria which may effect the Wolbachia distribution and resulting CI.
Kili Wolbachia in a DSR genetic background resembles the Kili strain (compare Figs. 8A and 8C ). Some, but not all mature cysts are seen to be infected at the time of eclosion (Fig. 8C -' region a' indicates the distal end of several infected-elongated cysts). The total number is similar to that typically seen in the Kili line. Also similar to the Kili line, only the oldest, mature cysts are infected. Few if any earlier elongating or meiotic cysts are infected (Fig. 8C,  region b) . In the reciprocal line (DSR Wolbachia in Kili genetic background), a greater number of mature cysts are seen to be infected (Fig. 8D, region a) including immature elongating cysts (Fig. 8D, arrows) . Kili Wolbachia in a DSR genetic background did not cause CI whereas the reciprocal introgression line did express CI (Fig. 8B) .
In D. melanogaster, the OreR Wolbachia (Fig. 9A ) introgressed into the DMB line results in a OreR-like distribution (Fig. 9E) . Wolbachia are seen only in very dense patches along the length of a cyst. Compared to Wolbachia distributions in the parental OreR line, the patches of Wolbachia often appear longer and more narrow in the introgressed line. Likewise, DMB Wolbachia (Fig. 9B) introgressed into OreR appeared similar to that seen in the original DMB line (Fig. 9F) . The total number of infected cysts, however, appeared less. There was no significant difference between the incompatible and compatible cross when the OreR Wolbachia was transferred into the DMB line. However the DMB Wolbachia in the OreR genetic background had significantly greater mortality in the incompatible cross compared to the compatible cross (Fig. 9C ).
Wolbachia and cytoplasmic incompatibility
A total of nine Drosophila lines were examined in this study. For seven of these lines, CI has been measured previously and is summarized in Table 1 . CI for this study was measured in the OreR and Queensland lines (Table 2) , and in the genome replacement lines (Figs. 6B, 7B and 8C ). Similar to the DSW(Ma) and Kili lines (Table 1) , OreR and Queensland did not exhibit CI ( Table 2) . As measured by the proportion of unhatched eggs, CI varied from 22 to 95%. For a given line CI levels generally fall within a narrow window with the exception of Nouméa lines which have a range of reported values (Merçot et al., 1995; Bourtzis et al., 1998; James et al., 2002) .
Discussion
Previous studies of Wolbachia distribution in D. simulans testes examined the wRi Wolbachia type in DSR (Binnington and Hoffmann, 1989; Bressac and Rousset, 1993; . Recently, described wRi within single spermatocytes and elongating spermatids and demonstrated that wRi is almost exclusively localized to germline cells. Wolbachia infection and CI expression in a D. melanogaster line was also described. This study demonstrated both variation within, and between, Drosophila lines with respect to Wolbachia growth rates, tissue distribution and CI expression. This study suggested, but did not examine, the importance of host/symbiont interactions on CI expression and tissue distributions. We have extended these studies to a comparison of a larger group of infected lines, including those previously studied. Our results lead us to define the basic cellular unit of CI and propose a simple hypothesis relating the expression of CI to this cellular unit. 
'WISSH': a hypothesis for the cellular basis of cytoplasmic incompatibility
Wolbachia infection in five infected D. simulans lines were chosen for study, in part, because they display heterogeneity in CI expression. DSR and DSH have been previously shown to display the highest levels of CI (Hoffmann et al., 1986 ; O'Neill and Karr, 1990) and to be bidirectionally incompatible (O'Neill and Karr, 1990) . Different studies have shown the Nouméa line to have different levels of CI, from high (,80%, Merçot et al., 1995) , intermediate ,50%, Merçot and Poinsot, 1998) and low (,20%, James et al., 2002) . C167 has intermediate CI while the Kili (Merçot and Poinsot, 1998), Queensland (this study and Hoffmann, personal communication) and DSW(Ma) (Giordano et al., 1995; Bourtzis et al., 1998) have not been shown to express significant levels of CI. The same pattern of individual cyst infection reported previously in DSR could be observed in each of the infected D. simulans lines, although at different times in testis development and at different frequencies. Interestingly, we discovered that some of the lines harbored Wolbachia in somatic cyst cells that surround the spermatocytes.
We have so far described three cytologically distinct classes of cysts with respect to Wolbachia infection: Type I: spermatocytes and/or spermatids infected with Wolbachia; Type II: cysts with extra-germ line infections, within the somatic component of the spermatocyst; and Type III: cysts with no detectable Wolbachia. Some cysts likely had both Type I and Type II infections but are difficult to distinguish when concurrent. Based on this, and the previous study , we define the basic cellular unit of CI expression as the 'Wolbachia Infected Spermatocyst/ Spermatid' (WISS). We distinguish two classes of WISS as being infected with either mod 1 (WISS 1 ) or mod 2 (WISS 2 ) Wolbachia. Type I cysts are distinguished from other infected cell types (e.g. somatic cells within the testis), and from germline cytoplasm infected at earlier stages of development (pole cells, spermatogonial stem cells, etc.). The recognition of WISS infection type lead us to propose the 'Wolbachia Infected Spermatocyte/Spermatid Hypothesis (WISSH). This hypothesis is consistent with Wolbachia infection in all Drosophila lines reported, but now further restricts it to the mod 1 infection within spermatocytes and/ or spermatids. Within the testes of all Wolbachia infected lines studied, a mixture of two or more cyst types can be found. However, according to WISSH, CI expression mainly depends on the number of WISS 1 cysts. This operational definition of the cellular unit of CI will make future descriptions and comparisons more reliable and provides a basic nomenclature for future studies. WISSH gives us a context to ask questions about, and test aspects of the current mod resc model of CI (below). It will also provide a framework for future tests of the hypothesis.
DSR, DSH, C167 and DMB are clearly WISS 1 as all clearly have a significant number of infected cysts in testes of a newly eclosed males. Their different levels of CI are largely due to differences in the% of cysts that are WISS 1 throughout development. The Nouméa line (also with mod 1 Wolbachia), which has been shown to have variable levels of CI, is also WISS 1 (Fig. 3D ), but contains far fewer WISS 1 than DSR. The infection status of cysts reported here therefore is consistent with a low level of CI as recently reported for a Nouméa-infected line (James et al., 2002) . Lines that do not express CI, DSW(Ma), Kili, and Queensland contain very few, if any, WISS 1 (Figs. 3C, 7A and 8A) and therefore are consistent with WISSH.
Testes from newly eclosed C167, are WISS 1 at levels comparable to DSR and DSH (compare Fig. 3B-A and B) . However, levels of CI in this line are approximately half that seen in DSR. What accounts for this discrepancy? There is a rapid disappearance of WISS with age in the C167 line, due presumably to a decline in infected cysts by day 3 post-eclosion . Thus, CI expression in the C167 line is consistent with WISSH and suggests that loss of WISS is causally related to decrease in CI expression.
The number of WISS present in a given line may be related to the relative numbers of Wolbachia present in the initial stem-cell divisions that give rise to primary spermatocytes . A decrease in WISS with age may be due to depletion of bacteria from this proximal source. This is consistent with differences observed in the number of WISS in pupal, young and aged adult testis (Binnington and Hoffmann, 1989; Bressac and Rousset, 1993; . Further study will be needed to determine the relationship between bacterial numbers at these very early stages to the WISS levels in the adult.
Genetic basis of CI
The genetic basis of CI and host/symbiont interactions is poorly understood. To begin a genetic analysis, approximately 90% of the host genetic background was replaced by repeated backcrossing (see Section 4 and Fig. 1 ) and the cellular distribution of Wolbachia and corresponding CI expression levels were determined (Figs. 7-9 ). This approach provided reciprocal tests of the relative contributions of genetic background to CI and tissue and cellular distributions of infection. Egg hatching rates were compared for the 'incompatible' crosses (uninfected females £ infected males) and the reciprocal crosses (infected females £ uninfected males), therefore we can make conclusions regarding modification of sperm in infected males but do not address the rescue of that modification in infected females. Our results were consistent with the previous designation of Wolbachia as mod 1 resc 1 and mod 2 resc 2 classes of Wolbachia. The results of introgressions with the mod 2 resc 1 class, however, were less conclusive and raised some important additional questions.
Substantial replacement of either the Queensland or Kili genomes into DSR cytoplasm resulted in the occurrence of significant WISS and CI expression (Figs. 7 and 8) . Thus, these genetic backgrounds were permissive for wRi growth. Although the reciprocal introgression of DSR into Queensland resulted in a very high percentage of infected spermatocytes and spermatids (Fig. 7C) , this line did not express CI confirming the mod 2 nature of the Queensland Wolbachia infection (Fig. 7) . These infected cysts however were not WISS 1 , due to the mod 2 nature of the Wolbachia. Thus, host genetic background can be permissive for Wolbachia growth, without concomitant expression of CI. These results emphasize the complex interplay between host and symbiont and further suggest that the Queensland genetic background can 'restrict' wQueensland growth but not wRi. Likewise, the DSR genetic background is 'permissive' for cyst infection with both wRi and wQueensland.
These results clearly show that both host and microbe play significant roles in the expression of CI, and raise a number of interesting points. For example, although no causal inferences can be made, absence of CI in the Queensland line did not arise from an inability of wQueensland to grow in spermatocytes. Thus, one conclusion is that during their coevolutionary history, spermatocyte and spermatid infection became unnecessary for the maintenance of wQueensland infection. Further study of the evolutionary and cellular mechanisms responsible for the maintenance of wQueensland in the DSR line could provide important insights into the genetic basis of symbiosis. These results also suggest two possibilities: (1) the appearance of CIinducing wQueensland within the DSR(wQueensland), and/or (2) loss of cyst infection and/or loss of infection from the line (or non-WISS infection). Continued monitoring for these phenotypes may prove useful for future genetic and genomic study. For example, it is now feasible to sequence Wolbachia strain variants that arise specifically associated with a switch in WISS phenotype.
Our analysis of wKili in the DSR genetic background suggests that wKili is a distinct strain from either wQueensland or wRi. The DSR(wKili) line expressed neither WISS nor CI phenotypes. However, Wolbachia were observed, albeit at low levels in elongating spermatids in both the parental and introgressed hosts (Fig. 8A,C) . Interestingly, the DSR genomic background was permissive for the growth of wRi and wQueensland but not especially so for wKili. This further highlights not only the importance of host factors in Wolbachia growth but also the importance of specific host/symbiont combinations.
A new context for the mod resc model
The prevailing model for sperm modification in CI hypothesizes the existence of 'mod 1 ' Wolbachia, capable of imprinting sperm, and 'mod 2 ' Wolbachia that cannot do so. However, mod 2 Wolbachia can be resc 1 in the female Merçot and Poinsot, 1998) . Our results clearly show wide variation in WISS and CI phenotypes and suggest this model would benefit from additional qualification and clarification. Because Queensland normally has few infected cysts (Fig. 7A ), but infects a majority of cysts in a DSR genetic background (Fig. 7C) , it appears to actively restrict wQueensland growth in the resident line. The 'permissive' wRi growth seen in a Queensland genetic background (Fig. 6C ) is therefore best interpreted as an active invasion of wRi. Thus, host genotypes can either restrict or permit growth within spermatocytes and spermatids. Those host genotypes that restrict the WISS phenotype would necessarily not be able to express CI by WISSH. The Kili line may represent such a situation as wKili in both parental and introgressed DSR lines contained very few infected cysts at the time of eclosion, and were only found in elongating, mature cysts (those cysts resulting from the first stem cell divisions). As expected, wKili in DSR did not express CI (Fig. 8) . Therefore, unlike wQueensland, wKili may have the potential for mod 1 expression. This possibility cannot be ruled out until a sufficiently permissible host is found in which a significant number of spermatocytes and a significant portion of spermatids are infected. It is worth noting that another 'mod 2 resc 1 ' D. simulans Wolbachia used in this study, DSW(Ma) also has only a small number of infected cysts (Fig. 3D) . In summary, a Wolbachia strain may be misclassified as mod 2 due to restrictive host factors and not Wolbachia factors, therefore classification of mod 1 (or mod 2 ) status should also include investigation into the developmental dynamics of infection.
What explains the low number of cysts infected in those mod 2 strains described here (Queensland, Kili, DSW(Ma))? If there were no cost associated with cyst infection with mod 2 Wolbachia, then the number of cysts infected may be considered a neutral character. However it has been shown that there are at least two known costs associated with Wolbachia infection in DSR males: (1) The expression of CI and (2) reduction in the rate of sperm production. Infected males produce fewer sperm cysts during the first 10 days of adult life. This reduction in sperm cyst numbers has been correlated with reduction in egg hatchability, presumably due to reduced sperm production relative to uninfected males (Snook et al., 2000) . As pointed out by Snook et al. (2000) , this cost is offset by the increased fertility of infected over uninfected females which could further offset the appearance of host factors that reduce or eliminate CI and the presence of WISS. However, selection pressures on lines harboring mod 2 Wolbachia are different as they do not express CI (although it has not yet been determined if they effect sperm production). If mod 2 Wolbachia are associated with cost #2 but not #1, then selection could be expected to favor host factors that reduce or eliminate Wolbachia from spermatocysts. Another possibility, selection on bacterial factors that sufficiently increase bacterial transmission in infected females, may pleiotropically result in decreased bacterial proliferation in the male germ line. Such a scenario has been shown to be theoretically feasible by Turelli (1994) but there is currently no data to support or refute this idea.
Another naturally line of D. simulans harboring mod 2 Wolbachia has a large percentage of cysts infected (McGraw et al., 2001 ; see also Veneti et al., submitted). As a general rule, infected D. melanogaster lines do not elicit a strong CI phenotype. However, line DMB from the Bloomington Drosophila Stock Center (stock # 3839), expresses significant CI, albeit at a reduced level compared to DSR . Line DMB contains low but measurable levels of WISS (Fig. 8) . OreR, which does not express CI, contains Wolbachia that are localized largely to the somatic cyst cells that surround spermatocytes. In contrast to DMB and DSR, these large and densely packed regions do not seem to be degraded with the contents of the waste bag, but accumulate with age at or near the terminal epithelium (data not shown). Older OreR males contain very large numbers of Wolbachia comprising a substantial portion of the total testis mass. Wolbachia in these testes increases with age whereas Wolbachia in DSR testes decreases. There is currently no explanation for the maintenance of such a trait that would appear to represent a substantial burden on the host. Thus, based on our observations there may be two distinct strains of Wolbachia in D. melanogaster. This is consistent with differences in CI reported for D. melanogaster: wMel is classified as mod 1 while wMelCS is mod 2 (Holden et al., 1993; Bourtzis et al., 1998) , this is despite the lack of sequence variation found between these two strains (Zhou et al., 1998) . However it has recently been suggested that wMelCS does induce incompatibility when one day old males are used (Weeks et al., 2002) . This suggests that this strain should be correctly categorized as mod 1 resc 1 and other factors, perhaps host factors, have lead to the previously statistically undetectable levels of incompatibility. The unique distribution of the OregonR Wolbachia described here suggests that is a unique strain, different from those mod 1 strains previously described, although the effects of age on any possible incompatibility is still unknown. While wMelCS may not be a distinct strain from wMel, we suggest that the Wolbachia found in OregonR (wMelOR) is a distinct strain from others described in D. melanogaster.
Wolbachia have been shown to be incorporated into pole cells in the early embryo (O'Neill and Karr, 1990; Kose and Karr, 1995) , suggesting a continuity of germ line infection. Presumably, the continuity of infection within the germ cells throughout development ultimately results in an infected spermatid. It is possible however, that at least some of the Wolbachia found within spermatids may have a somatic origin. Observations from the DMB line suggest such a somatic origin. DMB spermatocytes from adults as well as pupa have few if any Wolbachia (Fig. 4J ), but do contain Wolbachia within somatic cyst cells (Fig. 4J,  arrow) . Although no direct evidence yet exists, somatic cells may act as a source for Wolbachia that appear in mature DMB spermatids (compare Fig. 5L,M to E,G,I,J).
Bidirectional cytoplasmic incompatibility and cyst infection
DSR and DSH, both with high rates of CI, are bidirectionally incompatible: infected males of one strain mated to infected females of the other strain result in high levels of embryonic lethality (O'Neill and Karr, 1990) . This suggests that sperm from each line are being differentially imprinted and likewise infected females differentially rescue the imprinted sperm. However, both contain WISS 1 cysts that are indistinguishable at the light microscopic level. This further suggests that properties intrinsic to Wolbachia are responsible for CI expression, and are likewise unique to each strain. This also leads us to reject a dosage model as a primary explanation for bidirectional incompatibility or differences in CI among different lines. The total bacterial load in the testis is relevant to CI only as much as it is mod 1 Wolbachia found in spermatocytes and/or spermatids. Dosage is important inasmuch as it is responsible for the total number of WISS. For example, the total numbers of Wolbachia within the spermatogonial stem cells likely determines the total WISS number within a testis, but Wolbachia within the stem cell are not responsible for modifying sperm. This does not preclude the importance of bacterial dosage within cysts and CI when comparing different species. Individual infected cysts from DSR have more Wolbachia than an infected cyst from DMB, this may in part explain the differences in CI expression between these two lines.
We have shown that stable Wolbachia infections exist outside the germ line. Therefore, designation as mod 2 should only be made following careful examination of both the levels of CI expression and its cellular localization during testis development. We propose a specific cellular phenotype, the WISS 1 as the basic cellular unit of CI expression, and propose a hypothesis, WISSH, based on it. WISSH integrates the known features of Wolbachia infection and CI expression in Drosophila. A model based on WISSH predicts that all CI expressing strains of Wolbachia will have infected spermatocytes and/or spermatids. However, the converse is not true as at least one line that had large numbers of infected spermatids failed to express CI. Therefore cyst infection is necessary, but not sufficient, for CI expression. Additional data will be needed to explain Wolbachia that display spermatid infection but do not express CI. Ultimately, a complete understanding of CI will include unraveling the deeper relationships between developmental dynamics of infection and the interplay of host genetic backgrounds with Wolbachia.
Experimental procedures
Drosophila strains
The following Wolbachia infected D. simulans and D. melanogaster strains with different levels of CI and CIrescue were examined: D. simulans Riverside (DSR), originally collected in Riverside, CA, USA (Hoffmann et al., 1986; Boyle et al., 1993) ; D. simulans Hawaii (DSH), originally collected in Honolulu, HI, USA (O'Neill and Karr, 1990 ); C167, a D. simulans strain originating in Nanyuki, Kenya and used for its ability to create fertile female hybrids with D. melanogaster (Davis et al., 1996) ; D. simulans Kilimanjaro (Kili), collected near Mt. Kilimanjaro, Kenya ; D. simulans Nouméa, collected in Nouméa, New Caledonia (Merçot et al., 1995) ; D. simulans Australia (Queensland), collected in Queensland, Australia in 1999 (kindly provided by A. Hoffmann); D. melanogaster Bermuda (DMB), strain from the Bloomington Stock Center, Indiana University (#3839), collected from Bermuda; D. melanogaster OreR (kindly provided by E. Vass); and one strain of D. simulans Watsonville, a naturally uninfected strain collected in Watsonville, CA, USA (Hoffmann et al., 1986) transinfected with Wolbachia isolated from D. mauratiania (DSW(Ma)) (Giordano et al., 1995; Bourtzis et al., 1998) .
Flies were grown under standard laboratory conditions at 25 8C on cornmeal/molasses media supplemented with yeast at uncrowded conditions. Fig. 1 depicts the crossing schemes and CI assays used in this study. Virgin females from the donor strain were mated to males of the recipient line (these lines were previously treated with tetracycline as described in Boyle et al. (1993) to remove Wolbachia and avoid possible incompatibility with the donor line). Female offspring were then backcrossed to males of the recipient line for a total of four generations (Fig. 1A) . The lines were then allowed to grow for three generations before performing CI assays. Wolbachia-free, tetracycline treated lines were also created after four generations of backcrossing by the method described in Boyle et al. (1993) . These lines were allowed to recover for two generations following tetracycline treatment prior to CI assays (Fig. 1B) . Within D. simulans, the cytoplasm from DSR was introgressed into Queensland, and Kili, the cytoplasm of Queensland into DSR, and the cytoplasm of Kili into DSR. Within D. melanogaster, the cytoplasm of OreR was intogressed into DMB as well as DMB into OreR. The introgressed lines will be referred to with the name of the paternal line and the source of the Wolbachia in parenthesis (i.e. DSR(wKili)). This is for convenience and is not meant to suggest that any of the Wolbachia types should be designated as a specific strain.
Cytoplasm introgression
Testes and cyst fixation and visualization
Each Drosophila line described in this report, and its associated phenotypes described, were based on observation of . 20 specimens prepared and imaged as follows. Individual cysts just prior to or undergoing meiosis, mature, elongated cysts and whole testes from newly eclosed males were examined using fluorescent confocal microscopy as previously described . Briefly, testes were dissected and placed on a slide and individual cysts were removed and fixed and allowed to adhere to the slide. The slides were then stained with a Wolbachia-specific antibody and with the DNA specific dyes 4 0 ,6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI). Mature cysts were taken exclusively from testes from newly eclosed males, meiotic cysts were taken either from pupal testes or newly eclosed males. Whole testes from newly eclosed adults were fixed and stained in a micro-centrifuge tube as described above prior to transfer and mounting. Wolbachia and nuclei were visualized using a Zeiss LSM 510 confocal microscope with a Kr/Argon laser (488 nm) for detection of the Alexa Fluor 488-labeled Wolbachia, and He/Ne laser (543 nm) for detection of PI-nucleic acid staining. Overlapping optical sections along the Z-axis were taken through the entire depth of the tissue. Optical sections were projected onto a single image and superimposed over a single transmitted light image of the same area. Hundreds of cysts at different stages were examined; cysts exhibiting a typical infection are shown unless otherwise indicated.
Cytoplasmic incompatibility assays
CI assays were performed as previously described in Boyle et al. (1993) (outlined in Fig. 1B) . Tetracycline-treated, Wolbachia-free, lines were created, as described in O'Neill and Karr (1990) . Larval density was standardized at 50 larva per 10 ml vial of media. Adult virgins were collected and aged three days prior to initiation of CI assays. Adults were placed in manifolds, accommodating 20 separate single pair matings. Eggs were laid within the manifold on molasses/agar media which was replaced daily. Total eggs laid were counted followed by unhatched eggs 24 h later. Lines were said to express CI if the percentage of unhatched eggs in the 'incompatible' cross (uninfected females £ infected males) was significantly higher than that in the reciprocal cross (infected females £ uninfected males) analyzed statistically by Mann-Whitney U-test (StatView 4.51, Abacus Concepts).
